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SUMt1AIKY

Research during the report period March I to August 31, 1981 has

focused on the following areas:

* Continued SEM/ESCA analysis of lap shear samples received from

the Boeing Company under NASA Contract. NASI-15605.

*.0 SEESCA analysis of flatwise tensile specimens.

* Surface characterization of TiO2 , Ti 6-4 and Ti powders

with particular emphasis on their interaction with primer L H

solutions of both polyphenylquinoxaline and LaRC-13 .

polyimide.

Details of the above areas will be contained in the Final Technical

port. A preprint of a paper scheduled to appear in the next issue of' -

SA.!PE Quarterly is appended. This paper summarizes sorie of the work done

in the first area listed above.



"T'he AppLdtcAtion of Surface Annilynts to P'olymer/?4etal Ad1t.e.it.,

Jliames P. Wightman
Chemistry D)e par tmlent

Virginia Polytechnic Institute and State University
Blacksburg, VA 24061

The use of scaaning electron microscopy (S-1) and x-ray
phontoolec t ron topectronet'upy (XI'S) In t. ih,. e- y ia of .a .- 6-**- .
adherend surfaces is described. Differences in Tt 6-4
surface composttion as determincI by XI'S after differenit
chemical pretreatments a detailed. Analysis of fractured
surfaces by SIEH/XPS is i,,sto establish the failiire mode.
The surface acidity of TI 6-4 toupons can be estahlishcdl by
reflectance visible spectroscopy using indicator dye!s.

Introduction

A long-term, continuing NASA goal (1) is to develop improved adhesives

and composite matrices for high temperature supersonic transport technology.

The extreme conditions encountered in application of this technology demand a

unique comtbination of processability, toughness and durability. One aspect of

Lhis multi-faceted program is the development of an autoclaveable, high"

temperature adhesive system for Joining titanlIu,/titaniin, titanium/composite,

and compIosite/composite intended to serve structurally for thot-sands of hours

at 505 K (450*F). One pirt of the total effort properly involves surface

analysis. Our primary emphasis ',A') has been o nke nicroscopic/cpectroscopic

characterIzation of Ti 6-4 adher7 nd surfaces prior to adhesive bonding and

following fracture, The jxpcrimental techniques used 1 studies are out-
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Adherend Surface MorphologX/Cbmpo•sit on

Scanninp. elec tron mc.ro.ncopy (SI.I) niind x-ray photnO,:or t ron Npi,- e rropeoy

(XPS) couple to give a uniquo "fingerprint" for each particular chemicAl pre-

treatment of TL 6-4 adherends. This conclusion l.I bnsed07 n' the results shown

In Fig. I and Table II. St)1 is a well known tclhnique (3) and is wt,lely lted

In adhesion studles (4). Representative Sq1'.1 photomicr,'ographn (5) of Ti 6-4

after four different pretreatments are shown in Fig. I. For the chronic acid

anodized (CAA) surface seen in Fig. 1A, phere appears tn be a surface layer

coitalnlIng minute cracks or fissures of irregular shape. At the highe:;t

magnification (X 10,000), the whole surface layer appears to he spongc-1ike

presumably due to the pr.esence of small diameter pores not resolved in the

SE'1. The surface feat,,res for the phosphoric acid anoditcd (PAA) TL 6-4

surfa:e shown in Fig. 1B are similar to those described for the CAA case.

The surface morphology for the Turco (TU) etched surface seen in Fig. IC

is in sharp contrast to that following the anodizing pretreAtments. The beta

phase appears to have grown at the expense of Ohe alpha phase and existg as

highly fragmented structures. The alkaline hydrogen peroxide RAE process

p-iduces the surface seen in Fig. 1D) where the surface features are unlike any

of the preceding ones. A mottled surface is obtained containing no diatinet

features.

The XPS technique (6) involves the menasuretn,.3nt of the energy and inten-

sity of photoclectrune; ejected from a solid sample under x-ray bomhardmcnt.

The idenrtiflcatton of elements and the assignment of the -chemical state of

those elements in tre top 5 nm of a solid surface is possible with XPS.

Representative XPS results for TI 6-4 adhereidR (5) are shown In Table It for

the same foor pretreatments noted in Fig. 1. The binding energies (B.E.) in

eV for each observed photopeak are tithulated along with calculated valuet



of the aitomic fr'wtetionA (Ae' *) * The V lit p)11Lt-opeak Aopilppiesto. this. 11emisr Ies

I on. npjievirm i bot h~ nnoiel ea miirriiiven beit not ons t he T11 or RAV. t ri'n tiil

surface. Two F Is photopeakai Are niset~e on the CAA morfitcom. Li~gt'iptnp. tha~t F

to presenat ina two diff(erenat bmtieIng titittesn of that mutifice. The ) '1 PC

jahoto~pea~k ar Iit ne from ti% mustr (aiot oxfl I ' ayer IN it~semitmt at S 29. 6 + 0.2 'V

necroseue -itI femr. situr csme S I tint I Im r I ythIe. Tt 7p1i I-het opensk * nnfi iii tos.I t t it,-

totreivalenat statte of titmittiw anud prescent Asu tit..ulitm dioxide~ (Tiot)), is

cone~aent At 45s8.O + O*i. eV* The apsignmntt of the N lit phatopcwek att.

-constant valiý-~ of 399.4 + 0.1 et is u ncert~a in thoeitir It eoul 4 buk thu to

nittritle form~at~ion with ttIt'entitm. C.ilei atuta .iol lmeiporun *tre deteete'l aNi

re~sidualsR After the RA. Anud 1'AA procemses, reop.

The e.ffect of therma.1 .iginp. ona the morphology of a freshly prctrente.I Ti

6-4 surfaece is illustrate,! dramratically in the S%'t phaotomicrvgraph; lit Fig.

H.lere, a TU pretrjeated TiL h-4 Catupon wals placed in ja forcied .atr oventi t

498 K (4~50F) for It) hourst. The phutamicrougraxphs of the univ-atodsJ at'ple

aresh,--nIn Fig. 2A. A ctwupairson of Fig. 2B with~ F i,. '4A drn-ons-tratres thtv

markvel chang~e in mirfact' morpiiology accompaenytilnz thserm.jt aging. The

Implicittion of this gross ch~anegu of physical1 structurv in hoor-l durairhlity

stuedies at ceiv~sted ttmperatures Is cle~ar.

FAIlure mode rmal vitis.

, Sr.I/XI'S ~anaysts of fra%.:tured suerfaces caen he used to establi sh the

faeilurt: m1thIC. Thte SLM phiotumirsigrer.ps in Fig. 3 iu~t t hisfr fiocm .1 mined

C tntorfitct al Icohentve) (a Ilure. mo-lo tieen In F ig. A1 to ptire colivaivAe f i ltire

seen N tea .I~. 34. on saidition of a nt.loxniieo vlamtumer to is. 1-ilW 13 pol vimienl

iihet'it Ivc The gyt erhe s i of ~ LRC- 1 nolfi-Iy e Ide limei~eIve~ h~tsievuii 4 deaer i I'tl

(7,11). The MIS~ rceptlto in Table lit complemenwt: the above SO11 re'-iot'e in tha~t

one morthrac of Cte' fractued Uosst p n'ttar upjw ,nI:.mn bose,lod ti thuiut 90we.,.let



give*a ia agnifcaftnt Ti ptotopeak. The r.act that thti photopea.k is obterved

suggests apjprechabla Interfaciat failure. Thits is n otgniftcnoit concluhion

-tnce tusing Xi'S, the old nrgumuent of cohesive versua adheotve failure can now

be documnentedi doin to the 2 nm level. No TI photopeak is observed for either

member of the fractured Lip shear mpectmen honstedd with the ela.stomer

itndicative of cohesive fat.itre. Supporting evldence for the faitlre iMoideh

assignments is obtained from other XPS photopeaks. For ex.'mple, when LaRC-13

adhenive remains on the Ti 6-4 adheren%, the btndt1•z- energy of the 0 Is

photopeak t .. fs by 1.5 eV frtom 530.1 to 531.6 eV. The lower binding onergy

photopeak Is charaicteristic of oxygen In the tit.nitn dioxide surface layer

(see Table 11). Note thoit the smaller St 2p and F Is p11tope•t•e; olhierved for

the 'no clastomer' case are due to scrim cloth and pretrea.tmentt resitdta•.,

reap. On the other hand, the larger St 2p and F In photolleaks observed for

the 'elas.norae' casce are due to the fluorosll.ox;at additive.

Similtar %PS result% are shown In Table UV for the a.i.l.sis of a fractured

T-pcel apceinreti of TI h,-4 bonde.I In thitle c.•ae with 4in epoxy. The unhonnlod

(fl) adherenl and uone of the fr,,cture menhers (03) give very simnil.ar results.

This nuggests fracture within the surface oxide layer rather than at the

oxide/epoxy Interface. In the latter instance, XIS result- characteristic of

the epoxy would halve been observed which was not the case. Further, the

unhotnded (01) adhcrend and the .Pame fracture a.erter (03) shiow only a

tetritvaient tttantult ITI(1V)] photopeak agi4tn charctertsttc of .% tttanlut

dioxide itirfatce layer. It 18 is tN-rtactiVe tndf.ed 01.ht the t.iher froettare

menber (M2) gives an elemental TI(O) photopeak at a btnding 4nergy 3.5 eV

lover thAii Ti (IV). The TI(O) photopeak would only he observed If f.ahl re

occurred not juat within the oxtle layer but also close to the base adhereld.

This conclusion Is at.martred schenattcally tit the de.all.ed dliagram



lit Fig. 4.

S•, photomnicrograpln of it frolctured Uap shear stimple bonded wt til

polyjiwichy'q,i iit)xolinLC (Pt'Q) are shown in Fig. 5. The syflLnt4hI of I'I'Q hI1it

been de.cribed elsewhere (9,10). The PPQ bonded CAA TI 6-% -adherend.lk gave a

mensured lap shear strength st room tempoer•1itre of 4650 psi. It in cleir

t1i,1t no featureg char;acteristic of the T1 6-4 adhlerni, :art, tven III the

photomicrograplis; thus, the sampl,- falled cohesively. The XPS results for the

fraction surface are shown in Table V. No Ti photopeak was observed,

confirming cohesive failt1re. The 0 Is, N is and C Is photopeaks are

characteristic of PPQ. Note the shift in the binding energy of the 0 Ls

photopeak compared to the adherend (see Table i1). The St 2p photopeak is due

to the glass scrim cloth which is seen in the SMt photomicrographs.

By contrast, •i lap shear strength of 1950 psi was determined in the case

of phosidla tezf (uoride (P-F) treated TI 6-4 adheremt~ls hotide wLLIt PIQ.

Apparent interfacial feature if noted from the S:1 photoriicrographs of the

fractuure surfaces in Fie. 6A.and 011. The ueetal faituret surf.ace (IFS) in

Fig. 6A shows a surf.tce morphology characterlst'c of P-F etched Ti ts-4

strf.aces. The adlhestve fal ir btaetrface (M.r;) In F'ig. 611 ,hoiws the "imprint"

of the adherend. Closer inspection uhows micro-voids in the adhesive left

after pull-out of the - phase.

The P-I: surface •iketrcatmeit invariably led to debonding of the adhei;ive

slab when punched for xPS saimple preparation. The various fracture surfaces

are depicted schematically in Fig. 7. The SN't photonicrograph of the netal

substrate surface (MISS) and the adhesive substrnte surface (ASS) are shown in

FIgq.. 6C and 6). SImilar features are noted in these photomicrographs as

were •,en in Figs. 6A and 6B.



Thlse XPS res'ults for tile four .alurface•r -ire thown it, Trnaii Vi. Th,. it.s

(Fig!. 6A) shows a stgntfictnnt Ti signal which fact is furt•er confirinmtlntn of

the n,..ignment of interfacial failure for this sample. The photopeak at a

bindin g energy of 529.5 eV. is nssigned to oxygen In the murface oxite layer.

We have reported (1,) a value of 529.5 eV for the 0 In pIhotopeak following P-F-

trentmesit of Ti 6-4. "rliit, the E.SCA reultma niipport the e'xistenlce ,of n

titanium oxide layer on the metal failure surfAce. Ca is present as .a

'residual on the Ti 6-4 adh-rend surface .after Lhc P-F treatment. The N Is

Sphotopeak at 398.3 eV is consistent with the N Is photopeak observed for the

Ti 6-4 adherend surface after any chemical pretreatment (see Table 11).

However, the origin of the nitrogen is not clear since a N ls photopenk at

about the same binding energy is observed for both pretreated Ti 6-4 and for

PPQ (see Table V). The observation of a significant St 2s photopeak is quite

Interesting. Again, the urigit, of this Si signal is not clear. However, the

fact that failure occurred at this tnterface may be associated with the

presence of silicon. The SIEt photomicrog3rap',s (see Fig. 6A) shows no evidence

of glags fragment from the scrim cloth. It is kLIOn that the scrim cloth Is

coated with an organo-silicon compound. Does in fact degradation and

subsequent migration of silicon-containing compourts to the interface occur?

The answer to this question will involve additional experiments.

0 The AFS gives an 0 1s photopeak at 531.7 eV (see Table Vt) characteristic

of PPQ (see Table V). Again, a significant Si signal is observed on this

surface where no glass fibers are seen (see Fig. 6C). The absence of a TL

photopeak is additional confirmation of interfacial failure. A further

concl,•ion can be drawn. Failure occurred at the primer/o-:ide interface

rather than in the oxide layer in which case a Ti signal shoul-i have been

observed.
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The MSS (Vig. 6C) shows an 0 Ls phi.topeak amt 529.2 eV char:acterItce Mat

the pretreated TL 6-4. In thas case it small V peak And a ,•tlnificnnt Ti Fank

wbre detected. Th1. presence of Ca is consistent with the composition of a P-F

treated Ti 6-4 surface. The presence of a trace 1,|ant'ty of lead on this

surface and on the adhesive substrate is not explained. The ASS (F'i. 6D)

shows an 0 Is photopeak at 532.2 eV characteristic of PI'Q. A Ma1t Ti peak

was detected here indicative of fracture of the oxide layer. No silicon 4as

noted on either of these substrate surfaces.

Reflectance spectroscopy both in the infrared (12) and visihle region.-

has been usr~d in the analysis of fractured samples and in the determination of

adherend surface acidity. No sample preparation is necessary in the specular

reflectance infrared (tr) analysis of fr,,ctur,.'d sai.tnples; tie sample in simply

inserted into the reflectance sample holder. A typical ir reflectance

spectrum (13) of a fractured thermoplastic polvimide (14) bondeJ Ti 6-4 lap

shear sam.ple is shown in Fig. 8. The reflectance spectrtun is similar to th-

more cox.on, transmission spectrum. Indeed, the observed peaks corres.pond to

vibrations chartacteristic of the polyimide. Thu., a relatively thtck

polyimide film remains on the TL 6-4 coupon following fracture.

Adherend Surface Acidity

Diffuse reflectance visible spectroscopy (11) ha,1 been uted to monitor

changes in the abs.rption' spectra of actd-base' .ndicatorh deposited from

aqueous solution on Ti. 6-4 adherends after various pretrealt,%eits. The resultn

of the sUrface Acidity ueAsurements are listed in Ttahle Vi1. Note thbt

bromthloil blue does not change color on a TAU treated Ti 6-4 surface hut does

change color given a P-F pretrecatment. Thus, the TU and P-F treated Ti 6-4

surfaces are basic (pKa : 7.3-9.2) and acidic (pga : 4.9-7.3), resp.

Furtber, as inferred frbm the re'4talts in Table VIII, the phosphate-fluorile



Lrv.nteJ TL 6-4 surfnc dectw-oraiv in aecidity with LI.Lm A ew li'Jik .jple.Irs .-it

630 nnm In the reflectmace spectrimn :"trer 10 hours exposure to the laboratory

envirounment, This conclusion is an surface chertnitry bat;.s for the practice of

priening freHhily pretreated adherend sutrftces for "protectton" prior to

bondIng.

Summarl

Basic questions In adhesion science for exa'mple, failhre mode, surface

acidity and. bond durability can be appronched with increasing confidence given

the availability of surface analytical techniques including those listed in

Table I.
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- Specular keflectarico Infrared Spectroscopy



TABLE IE

XPS ANALYSIS OF TI 6-4 SURFACES AFTER C!HIICAL PRETREA'hENT

Photopeak Chromic acid anodize Phosphoric acid anodize Turco RAE

B.E.(eV) A.F. B.E.(eV) A.F. B.E. (eV) A.F. B.E.(eV) AJ

F is 687.6 ....

684.4 0.03 684.4 0.02 - --

3 Is 529.4 0.19 529.6 0.24 530.0 0.30 529.4 0.4

TJi 2 p3  457.8 0.08 458.2 0.10 458.0 0.09 458.-0 0.1

I Is 399.2 0.03 399.4 0.01 399.5 0.01 399.4 0.0

Ca 2p3 -- -- 346.4 0.0

I is (284.0) 0.67 (284.0) 0.60 (284.0) 0.60 (284.0) 0.2

." 
2p 3  - 133.0 0.02 -- --

Al 2s - -- -- 118.2 0.0

T "

ORIGINAL PAGE IS
?OF POOR QUALITY



TABLE III

XPS ANALYSIS (W FRACTIIRE1) T-imi, TI, rt 6-4 SIP'.ES

LIRC with no elastomer LURC-13 with elastomer
i' t opeak A side 8 side A side B %tde

B.E.(CVTA.F. B.E.(eV) A.F. B.E.(eV"-A.F. B .F.J. ( A.F.

F Is 686.9 0.01 686.9 <0.01 686.8 0.CS 686.7 0.07

Is 531.4 0.310 530.1r 0.19 531.8 0.17 531.6 0.17

"rl 2p3 - 457.3 0.04 - --

W, is 399.0 0.03 399.1 0.03 398.8 0.01 398.2 (0.01

' 1. (284.0) 0.85 (284.0) 0.69 (284.0) 0.58 (284.0) 0.58

• 1. 2 p !01.4 0.01 100.9 0.05 101.8 0.17 101.7 0.17

V

1.



TAit1.: IV

AT(?IIC F'ACTIONS (W ANODIZED rt 6-4 SA,¶PL,,S ITI'ORI. (01) AND) ,FTV.K

FRACTURE. (12, 03)

I'hotopenk Atomic Fraction

#1 02 03

F Is 0.012 0.004 0.024

0 Is 0.13 0.24 0.17

V 2p 3  0.001 0.001 NSP

"TI(IV) 2p3 0.069 0.'078' 0.071

TI(M) 2p3 NSI'* 0.004 NSP

I Is 0.006 0.007 0.009

C Is 0.77 0.61 0.71

Cl 2p 0.004 0.003 NSI1

Al 2s 0.01 0.013 0.014

*NSP- no significant peak



I.

TABRLK V

XPS ANALYSIS O(W FRACTURED PPQ/CAA Ti 6-4 LP SIFAR St1 lPLE

Photopeak B.E. (OV) A.F.

0 Is 534.0 O.iS

Ti 2p3

N Is 399.1 0,04

C Is 288.5
0.65

(284.0)

St 2 p 102.6 0.16



TAI IJP VI

XPS ANALYSIS OF FRACTURE SURFACE:S OF ADIHESIVELY BONDED TI 6-4

-photopeak
HFS A1:S XSS* ASS*e..',l~e) .F'.* A,:( .F-f 'R.•.(eV) A.F.1 H&,O: (0). A.F.t

O Is 531.3 531.7 0.13 - 532.2 0.07
0.27

529.5 529.2 0.27

V 2p3 -- 514.1 <0.01

r" 2p3 457.9 0.04 - 457.9 0.07 458,6 (0.01

N Is 398.3 0.02 398.3 0.05 398.4 0.02 398.0 0. 06

Ca 2p 3  346.5 0.01 -- 346.5 0.01

IS1 2s 152.5 0.05 152.6 0.03 --

I.

!.rrace Pb noted in both of these samples.

,!Balance ts due to carbon.1.

F



TAII•L VIA

'max VAWkS AND COWR C}IA•(;IS OF

IND[UAoI•S ON a'I&1ETRKATEI9! TL 6-4 StIiUACF.S

Turco Phosphate-Fluoride

Color and Color and
ndicator pVlx at zero Color change Xmax (nm) value Color cha.ing;e X.,X(nm) vplue

ionic strength before drylng after drying before drying after 4ryli,.•'

u7. nnea7o- 1. 5 Y+¥ .464 Y 1Y 436
iphenyl- y Y

uuaine

romphenol " 4.1 BpB 635 BPB 636
lue B B

:omcresol 4.9 CGBH- 644 G+B-C 610
reen .B-G B-G

lxromthyrol 7.3 B 604 B +Y-11 464
Lue- B Y

rhymol 9.2 It-Y 476 B-Y '.78
S"ue Y y

I - Blue G - Green Y * Yellow
/

"-G Slue.-Green Y-B -Yellow Blue

'J(~NAL PA'I JS
OF POOR QUALITY

I,



TAIILF VIII

TOMII .F'.CT ONl TIIIt'. ACvrTy or PIIUSPIIAT'-VLUC•iI)I'M F.TCIi..) 'ri 6-4

SURFACES USING HROTIIVIOL BLUE:

Color changes and
Color chnl~aem fM;x (11m) value,.

Time (hours) before drvinn after drying

B * B-Y 444 (Y)

2 ., -Y 440 (Y)

5 u 3-Y 448 (Y)

10 B B-Y 400(Y); 630(3)

25 H * B-Y 456(Y); 652(n)

50 B " B-Y 424(Y); 648(B)

100 B * B-Y 444(Y); 632(3)
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